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Abstract: Vitamin C (ascorbic acid, AA) is a weak sugar acid structurally related to glucose. All known
physiological and biochemical functions of AA are due to its action as an electron donor. Ascorbate
readily undergoes pH-dependent autoxidation creating hydrogen peroxide (H,O,). In vitro evidence
suggests that vitamin C functions at low concentrations as an antioxidant while high concentration is
pro-oxidant. Thus, both characters of AA might be translated into clinical benefits. In vitro obtained
results and murine experiments consequently prove the cytotoxic effect of AA on cancer cells, but
current clinical evidence for high-dose intravenous (i.v.) vitamin C’s therapeutic effect is ambiguous.
The difference might be caused by the missing knowledge of AA’s actions. In the literature, there are
many publications regarding vitamin C and cancer. Review papers of systematic analysis of human
interventional and observational studies assessing i.v. AA for cancer patients’ use helps the overview
of the extensive literature. Based on the results of four review articles and the Cancer Information
Summary of the National Cancer Institute’s results, we analyzed 20 publications related to high-dose
intravenous vitamin C therapy (HAAT). The analyzed results indicate that HAAT might be a useful
cancer-treating tool in certain circumstances. The AA’s cytotoxic effect is hypoxia-induced factor
dependent. It impacts only the anoxic cells, using the Warburg metabolism. It prevents tumor growth.
Accordingly, discontinuation of treatment leads to repeated expansion of the tumor. We believe that
the clinical use of HAAT in cancer treatment should be reassessed. The accumulation of more study
results on HAAT is desperately needed.
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1. Introduction

The earliest experience of using high-dose vitamin C (intravenous [i.v.] and oral)
for cancer treatment was by Cameron, and Campbell, in the 1970s [1]. Later, Cameron
and Pauling published the prolongation of survival times in terminal human cancer by
supplemental ascorbate in the supportive treatment of cancer [2,3]. In contrast, in the late
1970s and early 1980s, Creagan, Moertel, and O’Fallon, et al. published the failure of high-
dose vitamin C therapy (HAAT) to benefit patients with advanced cancer [4,5]. However,
these were double-blind studies, while the publications of Cameron, Campbell, and Pauling
only matched controlled. Therefore, the publications demonstrating effectiveness have not
been accepted for decades. The results were publicly debated with considerable acrimony
between Pauling and Moertel, with accusations of misconduct and scientific incompetence
on both sides.

Later it was confirmed that oral and parenteral administration of ascorbate is not
comparable. The serum level of AA is significantly lower after a high oral AA dose than
after a high dose of i.v. AA [6]. This difference explains the different results observed by
Creagan and Cameron, as Creagan/Moertel used oral [4,5], while Cameron/Pauling oral +
parenteral AA [1-3]. Although Cameron’s treatment was mainly oral therapy, they used i.v.
AA as an initiation to the use of oral AA. The i.v. AA treatments lasted only up to 10 days,
and only 2/3 of subjects received it [1].
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The study by Levine M et al. [7] showed that when vitamin C is ingested by mouth,
plasma and tissue concentrations are tightly controlled by at least three mechanisms
in healthy humans: absorption, tissue accumulation, and renal reabsorption. With in-
gested amounts found in foods, vitamin C plasma concentrations usually do not exceed
100 umol/L. Even with supplementation approaching maximally tolerated doses, ascor-
bate plasma concentrations are always <250 umol/L and frequently <150 umol/L. By
contrast, when AA is i.v. injected, tight control is bypassed until excess ascorbate is elim-
inated by glomerular filtration and renal excretion. With i.v. infusion, pharmacologic
ascorbate concentrations of 25-30 mmol/L are safely achieved. Pharmacologic AA can act
as a pro-drug for H,O, formation, leading to an extracellular fluid at levels as high as 200
umol/L. In addition, pharmacologic ascorbate can elicit cytotoxicity toward cancer cells
and slow tumor growth in experimental murine models. See review by Levine et al. [7].

Pharmacologic ascorbate sensitizes cancer cells to damage by increasing intracellular
L-ascorbate engagement through sodium-dependent vitamin C transporter 2 (SVCT-2) by
acting as a pro-drug [7]. HAAT is an aggressive adjunctive cancer treatment, widely used
in naturopathic and integrative oncology settings, although it is not accepted as an effective
drug for cancer patients by health authorities (FDA, EMA).

Until today, many publications are available regarding vitamin C treatment of malig-
nant tumors. However, in vitro and animal experiments have proved AA’s pharmacological
cytotoxic effect on cancer cells, while the human clinical observations and studies show
contradicting data. Thus, the Pauling—Moertel debate continues to this day.

This article summarizes the mechanism of the effects of sugar withdrawal (fasting,
ketogenic diet, blocking of glucose transporters) and i.v. AA treatment on cancers. It
reviews the hypothetical causes of the difference between in vitro and animal studies
compared to human outcomes. Finally, it points out that confirming the clinical effect is
possible by carrying out further clinical trials and summarizing the conditions considered
when planning a trial.

2. The Vitamin C Treatment’s Theoretical Framework
The Biochemical Motor for Energy Transformation

Previously, we described a hypothetical structure, the structure for energy transfor-
mation (SET), which might be responsible for the proper energy transformation, leading
to the continuous membrane potential, production of H* and ATP in living cells [8]. We
suppose that the SET of aerobic glycolysis (SET-AG) is responsible for managing aerobic
glycolysis, the SET of oxidative phosphorylation (SET-OP) for the process of oxidative
phosphorylation. The ADP producing unit (ADP-PU) is the basic structure of both SETs.
Six D-glucose and two L-AA are essential for the proper function of the ADP-PU. We
suppose that the ribose of adenine originates from glucose. AA starts the transformation
by producing 0%~ through its effect on Fe-S clusters. The absence of glucose results in the
accumulation of O%~, which might cause cell death.

The ratio change (lower glucose content) might result in excess H,O, production,
leading to cell death since unused 0°2~ will remain in the cell in the absence of glucose [8]
(see Supplementary Materials).

3. The Dual Energetics of Eucaryotic Cells
Symbiosis of One Ancient Cell with a New Cell Resulted in Eukaryote

The defense of the first living cells against free radicals was low, as O, was not present
in the environment. Thus, the emergence of O, produced by cyanobacteria resulted in
an environmental disaster, and most living cells died. Simultaneously, new cells armed
with an effective defense system against free radicals were created. In addition, these cells
could produce significantly more energy using O, than ancient cells [9]. Lynn Margulis
believed that the eukaryote cells” ancestors avoided being destroyed by oxygen by entering
a symbiotic relationship with the new aerobic bacteria, known today as the mitochondrion.
Eukaryotic cells are equipped with the SET-AG and the SET-OP; thus, they can live in an
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anoxic and oxygenized environment [10]. Mitochondria provide the cell with a significantly
better energy supply and free radical protection.

4. Development of Cancer

Cancer is a group of diseases involving abnormal cell growth to invade or spread to
other parts of the body. More than 100 types of cancer are usually named for the organs or
tissues where the tumors form. For a normal cell to transform into a malignant cell, the
genes that regulate cell growth and differentiation must be altered [11]. The affected genes
are oncogenes or tumor suppressor genes [12].

4.1. Protective Options against Malignant Tumors

Living organisms continuously defend against harmful environmental factors. There
are specialized systems (such as apoptosis) for controlling both the invaders and the
abnormally functioning cells. In animals (and in humans), immune cells can usually
recognize and destroy abnormal cells. Unfortunately, there are many situations when
malignant cells escape from the control of the defense and multiply without control leading
to death [13].

4.2. The Chain Reaction of Cancer-Development

Clonally evolution leads to intra-tumor heterogeneity. The genetic properties and the
states of the tumor cell metabolism (oxidative phosphorylation or aerobic glycolysis) are
different. This heterogeneity complicates designing effective treatment strategies.

In developing a malignant tumor, the first step is the appearance of a mutant cell. The
second problem is that the error control mechanism is altered. Thus, the mutant cell is not
eliminated [14]. The multiplying mutant cells are the progenitor cells of the tumor (T1),
using oxidative phosphorylation. The distance between the T1 containing growing tumor
cells and the supplying blood vessel is continually increasing. The growing new tumor has
no vessels. Thus, at a certain point, the partial tissue pressure of the O, (pO;) level will not
be enough for the proper mitochondrial function [15]. At the same time, hypoxia-induced
factor-1 alpha (HIF-1«) will not be hydrolyzed, resulting in the further development of the
tumor; cells able to live in an anoxic environment (tumor stem cells) will be created (T2).
The HIF system will further develop the tumor, creating tumor cells with new behaviors
(T3, T4, Tn). Between these cells, competition exists. Cancer is mainly formed by highly
malignant cells, but other cells, including T1 with oxidative phosphorylation, are also
present in the tumor (Figure 1).
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Figure 1. Evolution of malignant tumor cells.
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In the presence of oxygen in the cells of differentiated tissues, sugar becomes pyruvate,
and then CO; and energy by oxidative phosphorylation. Conversely, in the absence of O,
aerobic glycolysis is initiated instead of mitochondrial oxidative phosphorylation, leading
to lactate formation and heterogeny of tumor cells [16].

Because aerobic glycolysis produces significantly less energy, cells can only be viable
by using more sugar. Tumor cells use 200 times more glucose than healthy ones [17].

Malignant tumor cells perform glycolysis at a ten times faster rate than their healthy
tissue counterparts [18]. While rapidly growing tumor cells do not have adequate vessels
during their genesis, the limited capillary support often results in hypoxia within the tumor.
In addition, some tumor cells overexpress specific glycolytic enzymes, resulting in higher
glycolysis rates, referred to as the Warburg effect [19].

The most common cellular metabolism changes involve intracellular glucose utiliza-
tion and regulation loss between glycolytic metabolism and respiration [20]. Thus, tumor
cells adapted to the hypoxic environment by the HIF-1x have unique energy production,
realized by the low-efficiency aerobic glycolysis.

AA forms dehydroascorbic acid (DHA) after oxidation. The level of vitamin C in
cells may be related to vitamin C transporter expression and its polymorphism in cells. In
normal human cells, two different transporter systems are responsible for the acquisition of
vitamin C: glucose transporters (GLUTs)—GLUT1, GLUT3, and GLUT4—transfer the DHA
and SVCTs transport the AA. The variations in vitamin C transporter genes may regulate
the active transport of vitamin C and, therefore, impact cancer risk [21].

Several studies indicate the critical role of vitamin C transport by GLUTs in cancer
cells. Pena et al. suggested that the vast majority of vitamin C transferred from the
extracellular space into cancer cells assumes the form of DHA [22]. Several cell culture
studies suggest that DHA transport is an alternate or even principal pathway of vitamin C
accumulation [23]. DHA is rapidly reduced into its AA form following diffusion with the
simultaneous oxidation of glutathione and NADPH [24].

Cho et al. showed that the cellular response to AA treatment was dependent on SVCT2
expression. Cancer cells with low SVCT2 expression levels exhibited anti-cancer effects
at high doses of ascorbic acid and a proliferative impact at low doses of this compound.
In contrast, cancer cells with high SVCT2 expression exerted anti-cancer outcomes at all
ascorbic acid concentrations [25].

5. HIF-1c the Conductor of the Extended Malignancy
A System for Monitoring Oxygenation

Hypoxic stress is a companion to many diseases and its resolution is an essential
physiological process. Our body has a protective function that delays the damage caused
by hypoxia and ensures the elimination of the hypoxia-damaged tissue. This defense system
triggers regeneration, resulting in the survival of cells in the hypoxic zone surrounding
the dead area. The key to the system is the HIF-1x molecule. HIF helps develop tumor
stem cells (T2) and extend malignancy. Accordingly, the HIF system is the conductor for
educating tumor cells on the way to death.

Due to hypoxia or AA deficiency, the protein HIF-1« is activated, and hundreds of
stress-related genes will change expression leading to their up- or down-regulation. In
addition, it includes genes regulating apoptosis, and, due to HIF-1«, the sensitivity of cells
to apoptosis induction will be decreased. In other words, HIF-1« protects cells from the
apoptosis caused by hypoxia. Thus, the HIF-1«x level in the cells increases exponentially
due to inadequate nutritional supply, viral infection, radiation, or other apoptotic signals,
and if the oxygen level is less than 6% (partial pressure O, < 40 mmHg) [26-29].

Hypoxia can develop in the body for a variety of causes. In this case, HIF-1cx will not
be destroyed due to a lack of oxygen. In the nucleus, HIF-1«, together with the HIF-1f3
unit, produces the HIF-1 protein, which changes the cellular physiological parameters
by influencing many genes’ regulation. Angiogenesis, remodeling, cell proliferation, mi-
gration, cancer development, cell growth, apoptosis, metabolism, xenobiotic transporter,
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hematopoiesis, melanogenesis, oncogenes, re-epithelialization, and melanogenesis are the
crucial target genes. In addition, several other molecules (such as HIF-2) are involved in
complex HIF regulation [15].

The physiological system induced by HIF molecules plays an essential role in embry-
onic development, wound healing, and the course of several diseases (such as infarction,
stroke, vasculitis, etc.). Unfortunately, however, this system plays a crucial role in increasing
the aggressivity of many malignancies.

The growing tumor cell is free of control. It gradually moves away from the supplying
vessel. When this distance exceeds 70-100 nanometers, the cells” oxygen supply becomes
insufficient [15]. At that point, the failure to hydrolyze HIF-1« will trigger malignant cells
for higher malignancy. Thus, the HIF system initiates a regenerative physiological process
that results in the restoration of normoxia by vascularization. At the same time, a new
type of tumor cell with a more aggressive phenotype adapted to the lack of oxygen will
be developed.

Hypoxia-induced, HIF-mediated neovascularization ensures the tumor’s steady growth.
Tumor cells of malignant cancers usually are highly heterogeneous. They can be classified
into “normoxic/oxidative” or “hypoxic/aerobe glycolytic” cells. The treatment, targeting
the HIF system, controls only selected cells of the tumor (cells using aerobic glycolysis) and
prevents the growth but does not destroy cancer.

6. Treatment of Tumors by Influencing Glucose Metabolism

In most cancer cells, especially the most aggressive phenotypes, there is a substantial
uncoupling of glycolysis from oxidative phosphorylation with the consequent production
of high lactate levels (Warburg effect). This metabolic modification gives the tumor an
evolutionary advantage, adapting to the more-or-less transient hypoxic conditions occur-
ring during the disease’s progress. Furthermore, the remarkably higher glucose uptake
also shows this metabolic preference by cancer cells through transmembrane glucose trans-
porters, compensating for the higher energy demand of rapidly growing cells. Due to
this feature, any enzyme or transporter promoting the glycolytic flux may be considered a
potential target to block tumor progression [30-32].

Recently, human cancer cells were shown to be more susceptible to glucose deprivation-
induced cytotoxicity and oxidative stress relative to non-transformed human cell types.
These results indicated that some biochemical processes provided a mechanistic link be-
tween glucose metabolism and the expression of phenotypic characteristics associated with
malignancy [30-32].

The most direct way to target exaggerated aerobic glycolysis in tumors is to reduce glu-
cose availability to cancer cells. It can be achieved through either dietary or pharmacological
interventions. The pharmacologic influence might be realized either by controlling glucose
uptake of the tumor cell by inhibiting glucose transporters or by inhibiting glycolytic
enzymes [33,34].

6.1. Short-Term Fasting

Short-term fasting (STF) 48 to 72 h before chemotherapy appears to be more effective
than intermittent fasting. Preliminary data show that STF is safe but challenging in cancer
patients receiving chemotherapy. Ongoing clinical trials need to unravel if STF can also
diminish the toxicity and increase chemotherapeutic regimens’ efficacy in daily practice [33].

6.2. Ketogenic Diet

The ketogenic diet consists of high fat, moderate to low protein, and extremely low
carbohydrates. The goal is to develop ketosis in the body. It occurs when the body is forced
to use fat for energy without glucose [34].
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6.3. Clinical Trials of Fasting

There is currently no concrete evidence that any of these fasting diets will benefit
cancer patients. Clinical trials with more patients are still needed before fasting could be
used in standard practice [35].

6.4. Glucose Transporters

The glucose entrance inside the cell occurs by facilitated diffusion and mainly depends
on GLUTs. There are three different classes of GLUTs with tissue-specific distribution and
distinct affinity for glucose and other carbohydrates. Class 1 comprises four members,
GLUT1-LUT4, whose preferential substrate is glucose, while the other two classes, class 2
(GLUTS5) and 3 (GLUTS, 8, 10), are more selective for other sugars [36].

GLUTs are expressed 10-12-fold higher in cancer cells than in healthy tissues, especially
in highly proliferative and malignant tumors, contributing to the high glycolytic flux
observed in this kind of tissue [37]. GLUT1 and GLUT3, whose expression is regulated by
HIF-1«, can be considered the main over-expressed isoforms in a wide range of human
cancers [38]. Moreover, they are correlated with poor prognosis and the radioresistance of
several types of human tumors. Hence, the activation of their expression can be considered
a typical feature of the malignant phenotype. GLUT has a fundamental role in tumor cells
of aerobic glycolysis. Thus, GLUT inhibition may represent an appealing way of attacking
cancer by blocking its direct nutrient uptake, thus reducing the glycolytic flux and causing
cell death by starvation and H,O;.

Antibodies [39], antisense nucleic acids [40-42], and synthetic small organic molecules
showing GLUT-inhibitory properties, either alone or in combination with chemotherapeutic
drugs, have been reported [43].

Numerous observations suggest that starvation, ketogenic diet, and glucose trans-
porter’s inhibition have antitumor activity, but clinical studies to support this are lacking.

7. In Vitro and Animal Studies of Pharmacologic Ascorbic Acid

Several studies have demonstrated that AA’s in vitro cytotoxic effect on various cancer
cells is mediated through a chemical reaction that generates hydrogen peroxide [7,44—46].
Furthermore, cell death from H,O, added to cells was identical to that found when H,O,
was generated by ascorbate treatment [47]. In mice bearing glioblastoma xenografts, a
single pharmacologic dose of ascorbate produced sustained ascorbate radical and hydrogen
peroxide formation selectively within the interstitial fluids of tumors but not in the blood,
indicating HyO,-mediated cytotoxicity [48].

7.1. Sodium-Dependent Vitamin C Transporter-2 Sensitizes Cancer Cells to Damage by Increasing
Intracellular L-Ascorbate Concentration

Hongwei et al. [49] demonstrated that L-ascorbate has a selective killing effect in-
fluenced by SVCT-2 in human hepatocellular cancer cells [49]. Furthermore, SVCT-2
expression was absent or weak in healthy tissues but strongly detected in tumor samples
obtained from breast cancer patients [17].

7.2. The Proposed Way of Action by Parenteral AA on Sensitive Cancer Cells
Pharmacologic AA and HIF1x

The in vitro cytotoxic effect of ascorbic acid’s pharmacological concentration on cancer
cells is mediated through a chemical reaction that generates H,O, [50]. In addition, ascorbic
acid induces reactive oxygen species and impaired mitochondrial membrane potential [47].

Vitamin C enters the cell through SVCT-2 [49] and changes the intracellular glu-
cose/AA ratio. The high intracellular AA concentration in the tumor cell results in the
proteolysis of the HIF-1c, which will lead to the cessation of the HIF-1x induced low
apoptotic sensitivity [51].

The degradation process of HIF-1& is O, and vitamin C dependent. HIF-1c regulates
essential genes, including angiogenic/angiostatic-, oxidative stress-, and apoptosis-related
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genes. It helps neovascularization and suppresses the sensitivity of cells for apopto-
sis [28]. Pharmacologic concentrations of ascorbic acid cause diverse influences on different
angiogenic chemokine expressions [52,53]. For example, the angiostatic gene, CXCL10,
was downregulated by the high pharmacologic level of AA in hepatocellular carcinoma
cell lines [47]. In addition, AA (1-3 mM) decreases colon cancer cell proliferation and
induces apoptosis and necrosis accompanied by downregulation of specificity protein
(Sp), including vascular endothelial growth factor (VEGF) and its receptors VEGFR-1 and
VEGEFR-2 [54].

7.3. Glutathione and Catalase Result Resistance of Cancer Cells against AA Mediated Cytotoxicity

Hardaway et al. [55] showed that HyO,-produced cell death was partly mediated by
losing total glutathione levels in the cells. Glutathione reduced cytotoxicity by 10-95%
by attenuating AA-induced H,O, production. Co-treatment with glutathione inhibits
the cytotoxic responses [54]. One study analyzed the impact of catalase on cancer cells’
resistance to ascorbic acid-mediated oxidative stress. The tested human cancer cell lines
demonstrated apparent differences in their opposition to AA-mediated oxidative cell
stress [56].

7.4. Ascorbate Sensitivity of Different Cells Is Diverse

According to in vitro and in vivo data, different cells show a diverse reaction to
ascorbate treatment. Tumor cells are usually sensitive to the pharmacological dose of AA,
while healthy cells are not. While androgen-independent human prostate cancer cells are
sensitive to ascorbate treatment, the ascorbate-insensitive human prostate cancer cell line
LaPC4 is hormonally dependent [50]. Predictably, the hormone dependence of other tumor
cells might influence their sensitivity to AA’s pharmacological dose.

7.5. Synergistic Interactions of Pharmacologic AA, Cytostatic Drugs, Radio, and
Photodynamic Therapy

Ascorbate treatment specifically enhances the cytostatic potency of certain chemother-
apeutics such as docetaxel and 5-FU, gemcitabine [57], epigallocatechin-3-gallate [58], and
AsyO3 [59]. One study suggested that high-dose ascorbate increases the radiosensitivity of
glioblastoma multiforme cells, resulting in more cell death than from radiation alone [60].
An internally related, complementary, and strengthened tumor treatment is established
by combining photodynamic therapy (PDT) and ascorbate as a low-toxicity and effective
method. PDT induces metal ion release, and ascorbate reacts with the metal ions producing
subsequent ROS [61].

In vitro-obtained results and murine experiments consequently prove the cancer cell’s
cytotoxic effect of AA, but current clinical evidence for high-dose i.v. vitamin C’s therapeutic
effect is ambiguous [7,44-48,62-65].

7.6. Presumed Causes of Differences between In Vitro and Murine Experimental Results Compared
to Human Findings

In vitro and animal studies were conducted under standard conditions. Mice and
most animals are invalid for AA trials as they can produce AA. Most vitamin C trials in
murine models are performed with xenografts and not spontaneous tumors. Unfortunately,
there is a lack of standardization of treatment in cancer patients. The supposed determining
factors between oral and intravenous administration is neglected. The dose of vitamin C
used during therapy varies from study to study. Diabetes and sugar consumption might
reduce the effect of vitamin C. We assume that in the case of AA dissolved in a 5% dextrose
infusion [66,67], the dextrose might reduce the cytotoxic effect of vitamin C. The defining
properties of tumors are not considered. Although the tumor comprises cells with different
properties, they contain cells using oxidative phosphorylation and cells characterized by
Warburg metabolism. Hormone dependency on cancer might influence the efficacy of the
HAAT. Patients with advanced cancer often have abnormal laboratory values (e.g., anemia,
lower Se Fe, Se transferrin) that may affect the ascorbate effectiveness.
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8. Clinical Results Regarding Cancer’s Vitamin C Treatment

In the literature, there are many publications concerning vitamin C and cancer. A
quick PubMed search of “vitamin C and cancer” yielded 55,936 results and “ascorbic acid
cancer therapy” 30,032 results (07.2021). Review papers of systematic analysis regarding
human interventional and observational studies assessing i.v. AA for cancer patients help
in the overview of the extensive literature.

Based on the results of four review articles [62-65] and the Cancer Information Sum-
mary of the National Cancer Institute’s results—Health Professional Version [68], we ana-
lyzed 20 publications related to HAAT.

We researched the literature on the following fields:

o  Effectiveness of HAAT compared to placebo or no treatment in susceptible popula-
tions,
toxicity and side effects of vitamin C,
Examination of factors suspected of influencing HAAT efficacy such as

O hormone dependency of the tumor,
O the liquid’s composition (physiological NaCl, 5% dextrose, or Ringer’s solution)
used in the infusion preparation,

e  duration of treatment.

In the first source review, 897 records, 127 full-text articles, and 39 reports were
included [62]. The second source review used 690 initial screen records, 61 full-text articles,
and 34 final reports [63]. The third source included single-arm and randomized phase 1/11
trials. They used 517 initial screen records and 34 full-text articles, and 23 final reports [64].
The fourth source used 920 initial screen records and 38 full-text articles, including a19 final
reports [65]. Finally, the fifth source contains 18 reports regarding HAAT [68].

In the four review papers, 8, 10, 12, and 19, HAAT publications are available, while
the doctor’s National Cancer Institute’s information mentions 18 publications.

The five sources concluded: there is limited /no high-quality clinical evidence on the
effectiveness of HAAT. Overall, vitamin C is safe in nearly all patient populations, alone
and in combination with chemotherapies. The i.v. AA may improve patients’ quality of
life and symptom severity with cancer. Well-designed, controlled studies of HAAT are
needed [62-65].

It is not easy to assess the review papers’ data, as they have been calculated and
processed differently. Cameron used i.v. AA only as an initiation to oral vitamin C [1,2,69].
Our main objective was to analyze the data related to HAAT. We collected those publications
where AA was used intravenously in high (>2.5 g/day) concentrations.

Our aggregated and supplemented data contain 20 publications regarding HAAT
(Table 1).

Table 1. Results of pharmacologic vitamin C therapy.

Study Participants Result
Cameron, 1974 [1] Advanced-stage cancer patients ++
Cameron, 1976 [2] Incurable cancer patients ++

Cameron, 1991 [69] Terminal cancer patients ++
Murata, 1982 [70] Terminal cancer patients ++
Newly diagnosed stage III ovarian cancer
Ma, 2014 [71] after debulking i
Hoffer, 2015 [72] Advanced-stage cancer patients ++
Gunes-Bayir, 2015 [73] Bone metastases from various types of cancer ++
Zhao, 2018 [74] Newly diagnosed elderly with acute myeloid leukemia ++
Wang, 2019 [75] Metastatic colorectal cancer or gastric cancer ++

Monti, 2012 [76] Metastatic stage IV pancreatic cancer ++
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Table 1. Cont.

Study Participants Result
Polireddy, 2017 [77] Locally advanced or metastatic prostate cancer ++
Raymond, 2016 [78] Wide variation in the severity and type of cancer +

Schoenfeld, 2017 [79] Glioblastoma, non-small cell lung carcinoma +
Welsh, 2013 [66] Stage IV pancreatic adenocarcinoma. 0
Bazzan, 2018 [67] All types of cancer in different settings 0
Mikirova, 2012 [52] Various types of cancer, primarily metastatic prostate 0
Nielsen, 2017 [80] Chemotherapy-naive metastatic castration-resistant 0
prostate cancer
Hoffer, 2008 [81] Advanced cancer or hematologic malignancy 0
Riordan, 2005 [82] Late-stage terminal cancer, mostly colorectal 0
Stephenson, 2013 [83] Advanced solid tumors 0

++: remarkable clinical regression in more patients; +: the clinical effect is uncertain; 0: no clinical result.

Summarizing the results of four review articles and the Cancer Information Summary
of the National Cancer Institute’s results, we have concluded that HAAT is safe; no toxicity
has been observed.

In eleven publications, remarkable clinical results were detected in more patients,
while the clinical results were uncertain in two. Cancer regression was not detected in
seven publications. Two of them used dextrose to infusion AA, and three of them treated
prostate cancer patients.

These results indicate that HAAT might be an effective cancer treatment procedure
under certain circumstances. However, we assume that well-signaled conditions influence
the HAAT's effectiveness.

9. Supposed Factors Influencing the Haat’s Efficacy
9.1. Glucose Dependency

It is known that pharmacologic AA can induce some cancer cell death in vitro and
inhibit several types of tumor growth in animal models through the production of H,O5.
It is also known that glucose deprivation as well as i.v. AA might result in benefits for
cancer patients. Limited case reports indicate that a ketogenic diet combined with i.v. AA
improves the effectiveness of HAAT [78]. Based on these results, it is predictable that
the patient’s serum glucose level might influence the effectiveness of i.v. AA therapy.
Consumption of carbohydrate-containing food or drink when the serum level of AA is
in the toxic range (300 min after finishing the infusion) might prevent the realization of
the poisonous effect. Unfortunately, most publications do not contain data relating to the
nature of carrier infusion (NaCl, Ringer, Ringer’s lactate, or 5% dextrose). We assume
that dextrose might terminate the cytotoxic effect of vitamin C if AA is dissolved in a 5%
dextrose infusion [66,67].

9.2. Hormone Dependency

All tested androgen-independent cells were sensitive to ascorbate treatment. The
ascorbate-insensitive prostate cancer cell line LaPC4 is hormonally dependent. They con-
cluded that high-dose ascorbate could be a novel treatment option for hormone-refractory
prostate cancer [50].

We do not know whether an originally hormone-dependent cancer cell can further
develop and lose the hormone dependency. The AA sensitivity nature of such a cell is also
not known. The negative results regarding prostate cancer patients [52,80] might be related
to this.

Hormone dependency of tumors is usually not detailed in the publications.

9.3. Duration of Treatment

The AA’s cytotoxic effect is HIF dependent. It impacts only the anoxic cells, using
Warburg metabolism, preventing tumor growth. Accordingly, discontinuation of treatment
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leads to repeated tumor expansion, as previously published [2]. In breast cancer patients
receiving VEGF inhibitor treatment, similar progression may be observed if treatment
is discontinued.

10. Conclusions

In vitro and murine experiments demonstrate AA’s pharmacological doses’ efficacy,
but the results of clinical trials are contradictory. HAAT is considered safe; no toxicity has
been observed. However, only half of the publications report on clinical efficacy.

10.1. The Glucose Deprivation and Vitamin C Therapy’s Way of Action

During energy transfer in cells, 0%~ is continuously produced in the presence of glu-
cose and AA. During energy transformation, ribose will be cut from the glucose molecule,
forming adenosine. If glucose is not available, the 0%~ produced by Fe-S clusters destroys
the tumor cell. The situation might be formed by a glucose deficit or a high intracellular
concentration of AA [8].

The cell’s ability to protect against free radicals in the presence of O is significantly
higher than that in a low-oxygenated environment due to the intensive mitochondrial
defense against ROS action. However, the normoxic tumor cells survive. Therefore, i.v.
AA therapy and glucose deprivation should be long lasting and used in combination with
conventional anticancer treatments.

HAAT might be an effective cancer treatment procedure under certain circumstances.
We assume the HAAT’s effectiveness. The tumor’s nature and hormone dependency, dia-
betes mellitus, and the liquid’s composition (physiological NaCl, 5% dextrose, or Ringer’s
solution) used in the infusion preparation are determining factors.

10.2. Suggestion of Well Designed, Controlled Studies of HAAT

We believe that the following factors must be considered when planning HAAT

(a) Conduct AA trials on persons with hormone-independent cancers or stratify random-
ization on hormone dependence so that effects can be analyzed separately.

(b) Use Ringer’s solution or physiologic NaCl to prepare the infusion, not dextrose.

(¢) Record sugar consumption and other dietary factors.

(d) Record the serum glucose level of the patient immediately after finishing the infusion
and again at 4 h after finishing the infusion.

(e) Report all these factors and frequency and total duration of treatment in all reports.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23084380/s1. References [8,46,84-99] are cited in the Supple-
mentary Materials.
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